Objective: To investigate the cytokine expression profiles of blood cells exposed to polyetheretherketone and titanium-6 aluminum-4 vanadium materials in vitro. Materials and methods: Coin-shaped samples composed of titanium-6 aluminum-4 vanadium, polyetheretherketone, and blasted polyetheretherketone were manufactured. The surfaces of the coins were characterized using optical interferometry, scanning electron microscopy, and contact angle measurements. Peripheral blood mononuclear cells collected from 10 blood donors were cultured for one, three, and six days in the presence or absence of the coins, and then assayed for cytokine production. Quantification of the peripheral blood mononuclear cells attached to the coins was performed using confocal microscopy after immunofluorescence staining. Results: The machined titanium-6 aluminum-4 vanadium coins had a smoother surface topography compared to the machined polyetheretherketone and blasted polyetheretherketone. The highest mean contact angle was noted for the blasted polyetheretherketone, followed by the machined polyetheretherketone and titanium-6 aluminum-4 vanadium. The peripheral blood mononuclear cells produced significantly more proinflammatory cytokines when exposed to the polyetheretherketone surface compared to the titanium-6 aluminum-4 vanadium surface, while the blasted polyetheretherketone induced the highest level of proinflammatory cytokine release from the peripheral blood mononuclear cells. Significantly more cells attached to both polyetheretherketone surfaces, as compared to the titanium-6 aluminum-4 vanadium surface. Conclusion: Polyetheretherketone induces a stronger inflammatory response from peripheral blood mononuclear cells than does titanium-6 aluminum-4 vanadium. Surface topography has an impact on cytokine release from peripheral blood mononuclear cells.
Introduction
The polymer polyetheretherketone (PEEK) is used as a surgical material in orthopedic and spinal implants. It has also been proposed as a material for prosthetic devices in dental applications, and many studies have shown its biocompatibility both in vivo and in vitro, as reviewed by Kurtz and Devine. usually made of c.p titanium grade 4 but several of the dental prosthetic components are manufactured by alloys e.g. Ti6Al4V due to their superior mechanical properties. 3 As polymers such as PEEK are increasingly attracting interest due to their mechanical and biocompatibility properties, they may in many cases replace metal implants. PEEK materials also have the advantages of flexible manufacturing technique, resistance to chemical and thermal degradation, ease of sterilization, and radiographic radiolucency. 1 The host tissue response to biomaterials varies according to the material used 4 as well as the test method used (in vitro and in vivo). For satisfactory applications in patients, medical devices need to be integrated into the host tissue in a predictable way without undesired tissue responses or infections. Therefore, it is of great importance to investigate the host tissue reactions to the implant material using various techniques, to improve our understanding of the mechanism that regulate such responses.
During surgical implant insertion, tissue trauma occurs and this immediately initiates an inflammatory host response. Regardless of tissue type, this early inflammation plays a crucial role in the integration and function of the implant. The complex series of events that occurs after implant insertion is described in detail in two excellent reviews by Franz et al. 5 and Anderson et al., 6 respectively. In essence, when a material is in contact with the tissue the immune system is affected by the biomaterial that will initiate the wound healing. Blood proteins are adsorbed to the surface, which leads to activation of the coagulation cascade, complement system, and immune cells. The immune cells that initially migrate from the blood toward the implant in the acute inflammatory phase are mostly polymorphonuclear leucocytes (PMNs, granulocytes). These PMNs are characteristic of the acute inflammatory response and they secrete chemokines that attract other leukocytes, such as monocytes, to the implant interface. Proinflammatory cytokines, such as interleukin (IL)-4 and tumor necrosis factor-a (TNF-a) play important roles in the acute inflammation. A couple of days after implant insertion, the PMNs disappear and the types of cells present at the implant site changes to mononuclear cells (monocytes and lymphocytes). As the chronic phase develops, the monocytes differentiate into macrophages, which in turn secrete chemokines that promote the fusion of macrophages to form foreign body giant cells (FBGCs). 7 The macrophages observed in proximity to the implant surface play an important role in wound healing and tissue regeneration. 8 The produced cytokines can also influence the actions of the macrophages. For example, IL-4 induces macrophage fusion to form FBGCs. 9 This host reaction to foreign material is the end stage of the inflammatory and wound-healing responses that are the consequences of implantation of a biomaterial.
Successful bone formation and osseointegration around c.p. titanium (grade 1-4) implants is today indisputable, while tissue responses to PEEK have not been investigated to the same extent. When comparing PEEK to titanium, in different in vitro and in vivo experimental models, it appears that the bone response to uncoated PEEK is inferior to the response to titanium. For example, an in vitro study showed a higher angiogenic response (which is important for bone formation) to a titanium alloy compared to PEEK. 10 In a clinical study, titanium (albeit the grade of titanium was not specified) and PEEK interbody lumbar cages for spinal fusion were implanted in patients. Radiographic evaluation showed significantly higher bone fusion to titanium than to PEEK at two years postimplantation. 11 The reduced bone formation around PEEK compared to titanium could be explained by the formation of fibrous tissue instead of bone tissue that has been reported around PEEK implants in vivo. 12 The soft tissue formation around PEEK has been suggested to be caused by a higher inflammatory response to PEEK compared to Ti6Al4V. Mesenchymal cells cultured on PEEK had higher mRNAs for factors associated with apoptosis, while rough Ti6Al4V promote osteoblastic differentiation that favors bone formation. 13 In the present study, we wanted to further investigate the early inflammatory response to PEEK compered to Ti6Al4V with human peripheral blood mononuclear cells (PBMC). This in vitro model has been extensively used to study biocompatibility and inflammation.
14 Applying this wellknown method one can determine the inflammatory response to the used materials, since PBMCs produce a wide array of cytokines. This information can be of importance when choosing different material in the clinical setting. Our hypothesis was that PEEK would induce a stronger inflammatory response compared to Ti6Al4V and that the rougher surface would provoke a higher release of cytokines than the smoother surface.
The surface properties are known to influence the tissue responses and the functions of the biomaterial. 15 Researchers are modifying the PEEK implant surface in various ways to overcome the problems associated with a reduced bone response to PEEK. It has been shown that PEEK implants coated with nanohydroxyapatite enhance bone formation in a rabbit model, as compared to uncoated controls. 16 It has also been shown that the release of proinflammatory cytokines, such as IL-1b, IL-6, and TNF-a, is related to specific surface properties, and both surface chemistry and surface morphology influence this cytokine release. 17 The release of different cytokines and growth factors provoked by different biomaterials provides information regarding the inflammatory responses to such materials, thereby enhancing our understanding of the complexity of the early tissue responses. Hallab et al., have shown that macrophages exposed to PEEK particles for 24 h or 48 h exhibited significantly lower release of proinflammatory cytokines compared to macrophages exposed to ultrahigh molecular weight polyethylene (UHMWPE). 18 For the macrophages, the particles of UHMWPE were more cytotoxic than the PEEK particles. The authors of that study suggested that a stronger inflammatory response to the implant material could have negative consequences in the clinical situation, as proinflammatory cytokines can disrupt bone homeostasis. They concluded that PEEK particles are more biocompatible than UHMWPE particles. 18 Therefore, it is interesting to investigate further the early inflammatory response to PEEK, given that it is being considered as a replacement material for other polymers and metals in some clinical applications.
Although in vitro studies have inherent limitations and cannot be compared to the in vivo situation, they are important tools for screening materials and increasing our understanding of the basic cellular responses to biomaterials. In the present in vitro study, the aims were to examine cytokine release from human PBMCs to PEEK and Ti6Al4V, and to investigate whether the surface properties of these materials influence the inflammatory response.
Materials and methods
Three types of materials were used: Ti6Al4V, PEEK, and blasted PEEK.
Ti6Al4V: The titanium coins were machined from Ti6Al4V ELI according to material specification ISO 5832-3/ASTM F136 (Xi'an Aerospace New Material Co., Ltd., Xi'an Xian, Shanxi, China).
PEEK: The PEEK coins were machined from Ketron V R LSG natural PEEK (Quadrant EPP NV, Tielt, Belgium). One group of PEEK samples was left "as prepared" and the other group was surface treated. The latter process involved abrasive blasting using 110-mm aluminum oxide (Al 2 O 3 ) particles at an air pressure of 2 bar applying an airborne particle abrasion unit (Basic Quattro; Renfert GmbH, Hilzingen, Germany) for 10 s per side at a distance of 20 mm.
All the samples were machined from a rod with a diameter of 10 mm into 2 mm-thick coin-shaped samples. The cutting speed was 94 m/min and the feed rate was 0.01-0.02 mm/rev. After machining, the coins were radially turned on both sides with a tool composed of solid carbide. The samples were ultrasonically cleaned once with 1% Extran V R AP15 (Merck, Darmstadt, Germany) in 60 C tap water for 15 min. Thereafter, the samples were rinsed in distilled water and immersed in 70% ethanol for 15 min. After drying, the samples were packed in sterilization pouches, which were sealed and sterilized in an autoclave (Getinge AB, Getinge, Sweden) at 134 C and 3 bar for 60 min.
Topography
The coins were topographically examined using an optical interferometer (MicroXAM 100-HR, Phase-Shift, AZ, USA) operating at a wavelength of 550 nm. The technique used to evaluate surface roughness has been described earlier. 19 Three coins from each group were measured at three sites. A 50Â magnification objective with a zoom factor of 1Â was used. The size of the measured area was 165 Â 125 mm and the vertical measuring range was 100 mm. The resolution was 0.5 mm laterally and 1 nm vertically. A high-pass Gaussian filter of size 50 Â 50 mm 2 was used to separate roughness from errors of form and waviness. The evaluation was performed with the MountainsMAP Premium ver. 7 software (Digital Surf, Besanc¸on, France).
The following topographical parameters were measured: Sa (lm), which is the average roughness; average height deviation from a mean plane within the measuring area. Sds (1/lm 2 ), which is the summit density; the number of summits per unit area. Sdr (%), which is the developed interfacial area ratio; additional surface area contributed by the roughness, as compared with a totally flat plane.
Scanning electron microscopy
One sample from each group was examined qualitatively using a scanning electron microscopy (SEM) before (as received) and after cell culturing (see below). The specimens were mounted on aluminum stubs (12.5 mm ø, AGG301; Agar Scientific, Stansted, Essex, UK) and fixed on carbon-coated adhesive discs (12 mm ø, AGG3347N; Agar Scientific). A narrow line of silver paint (G3691; Agar Scientific) was used to enhance the conductivity of the specimens. Due to a logistical change in the SEM laboratory, two sputter coaters were used in the present study: Emitech K550X (Quorum Technologies, Laughton, East Sussex, UK) with palladium as the coating material; and Q150T ES (Quorum Technologies) with gold as the coating material. The use of these two sputter machines did not entail any change in the morphology of the cells or the surface characteristics of the evaluated materials according to the Centre for Cellular Imaging at the University of Gothenburg, Sweden, where the investigations were performed (communication, 30 August 2017). The images were acquired using a Carl Zeiss DSM 982 Gemini scanning electron microscope at 3 kV at magnifications of 200Â and 1000Â (Carl Zeiss, Oberkochen, Germany).
Contact angle
Water contact angles (h) were measured with the DSA100 goniometer (Kru¨ss GmbH, Germany) in static mode. Sessile droplets (1-2 mL in volume) of deionized water were applied at five locations per sample and on two samples per group. Drop shape analysis was performed with ellipse fitting, using the conic section method. The measurements were carried out at RISE (Research Institutes of Sweden; www.ri.se).
Cell culture
PBMCs were isolated from the buffy coats of 10 healthy blood donors at the Sahlgrenska University Hospital in Gothenburg, Sweden by centrifugation over a Ficoll-Paque TM Plus density gradient (GE Healthcare Bio-Sciences AB, Uppsala, Sweden). The cells at the interphase were collected and washed twice in phosphate-buffered saline (PBS) and then resuspended in Dulbecco's modified Eagle's medium plus GlutaMAX TM (Gibco, Life Technologies, Paisley, UK) that was supplemented with 5% human serum (Sigma-Aldrich, St. Louis, MO, USA), penicillin (100 U/mL) and streptomycin (100 mg/mL) (penicillinstreptomycin, Sigma-Aldrich). Cells were seeded in plates (2 Â 10 6 cells per well) and cultured at 37 C in the presence or absence of Ti6Al4V or PEEK coins in a humidified atmosphere with 5% CO 2 . A total of 90 coins were used (30 coins per group). Culture supernatants were collected after one, three, and six days of incubation and stored at À80 C until further use.
Cell fixation prior to SEM examination
Six coins from three days of culture with PBMCs obtained from two randomly selected donors were incubated in 2.5% glutaraldehyde in 0.1 M Nacacodylate buffer (pH 7.4) for 6 h, in order to fixate the cells attached to the coins. The samples were thereafter stored in 0.1 M Na-cacodylate buffer until further treatment. The cells were post-fixed in 1% osmium (VIII) oxide (OsO 4 ) in 0.1 M Na-cacodylate buffer for 30 min at 4 C, washed six times in distilled water, and incubated in 1% thiocarbohydrazide for 10 min. After repeated washes, the coins were incubated in 1% OsO 4 for 15 min and then finally washed three times with distilled water. After the cells were dehydrated in an ascending ethanol series, the coins were immersed three times in hexamethyldisilazane for 6 min each time, and then left to air dry.
Cytokine analysis
For quantification of the cytokines in the culture supernatants, the commercially available cytokine panels 21plex Group II and 27plex Group I (Bio-Plex Pro TM Human Cytokine Assay; Bio-Rad Laboratories, Hemel Hempstead, UK), which allow multiple cytokines in one sample to be quantified simultaneously, were used according to the manufacturer's instructions. Briefly, the samples were incubated with sets of distinctly color-coded beads that were conjugated with capture antibodies directed against a specific analyte. Following a washing step, a biotinylated detection antibody was added and allowed to react with the bound proteins. The plates were washed again, followed by the addition of streptavidin-conjugated phycoerythrin. After a final washing step, the data were acquired using the BioPlex 200 instrument equipped with the BioManager analysis software (Bio-Rad). The cytokine concentrations were calculated by comparing the bead color and mean fluorescence intensity for each set of beads against an automatically optimized and manually verified standard curve. If the values were above or below the detection limit, the values of that specific cytokine or individual were excluded from the results. The Hierarchical Clustering Explorer ver. 3.0 software (University of Maryland, USA; www.cs.umd.edu/hcil/ hce/hce3.html) was used to create a heat map that visualized the patterns of expression of selected cytokines.
Immunofluorescence
To visualize and quantify the cells attached to the coins, the samples were analyzed using immunofluorescence. After three days of cell growth, cells attached to the coins were fixated by direct transfer of the coins into 4% paraformaldehyde (PFA). After 25 min, washing with Tris-buffered saline (TBS) was performed to remove the PFA, as well as unattached or loosely attached cells. The coins were mounted using ProLong antifade reagent with 4 0 6-diamidino-2-phenylindole (DAPI) (Molecular Probes, Eugene, OR, USA) onto #1.5H glass-bottom plates (Cellvis, Sunnyvale, CA, USA). DAPI is a blue fluorescent stain that binds to DNA and reveals all nucleated cells. Microscopy was performed using the Zeiss LSM 700 confocal microscope and the images were captured using a PlanApochromat 40Â/1.3 Oil objective and pinhole settings of $1 AU (Centre for Cellular Imaging, University of Gothenburg, Sweden). To obtain representative data, images were acquired at nine standardized locations starting at the center of each coin with 1 mm in x and y distances between the sites. The Zeiss ZEN lite 2011 SP1 1.0.1.0 software (Freeware; Zeiss) was used to improve the contrast. The quantification of adherent cells was performed both manually and automatically. The manual measurements were carried out by two persons using the BioPix iQ 2.0 software (BioPix, Gothenburg, Sweden) and the automatized measurements were performed with the Image Pro Premier software (Media Cybernetics, Rockville, MD, USA).
Statistics
The data from the interferometry were tested by oneway analysis of variance (ANOVA) followed by Tukey's post hoc test, using the SPSS ver. 21.0 software (SPSS IBM, Chicago, IL, USA). The results from the Bio-Plex assay and the immunofluorescence images were processed using the GraphPad Prism ver. 7.0 software (GraphPad Software Inc., La Jolla, CA, USA) and the Wilcoxon matched-pairs signed-rank test was used to compare paired data. Graphs showing the levels of individual cytokines, cell adhesion to the coins, and cell marker expression were drawn with the GraphPad Prism ver. 7.0 software. A p value <0.05 was considered statically significant for all tests.
Results

Topography
Optical interferometry images demonstrated smooth surfaces for the PEEK and Ti6Al4V, while the microstructure of the surface of the blasted PEEK was rougher. The results of the surface topography analysis are presented in Table 1 and Figure 1 . The blasted PEEK samples were significantly rougher and demonstrated higher mean values for all the parameters (Sa, Sds, Sdr), as compared to the two other groups. 
Scanning electron microscopy
The results of the SEM investigations are shown in Figure 2 . In images (d)-(f), the distribution of PBMCs on the surfaces is dependent upon the surface structure, that is, the rougher the surface the more cells are attached.
Contact angle
The results of the contact angle measurements are presented in Table 2 . The blasted PEEK showed the highest mean contact angle between the liquid and solid, while machined PEEK and Ti6Al4V demonstrated similar mean values.
Cytokine analysis
The results obtained from the multiplex cytokine array are visualized in a heat map in Figure 3 . Approximately half of the analytes, including interferon (IFN)-c, IL-4, TNF-a, IL-1b, IL-17, and IL-6, followed a similar kinetic pattern with higher concentrations in the supernatants taken from one-day cultures, as compared to three-day cultures, and even less pronounced expression on Day 6 ( Figure 3, segment A) . In contrast, six of the analytes, including IL-12p70, TNF-b, and IL-10,
showed concentration levels that increased with time ( Figure 3, segment B) . The concentrations of b-nerve growth factor (b-NGF), IL-13, IL-7, and IL-5 were highest in the supernatants obtained from cultures on Day 3 ( Figure 3 , segment C). In general, the polystyrene baseline control surface and Ti6Al4V tended to induce similar levels of cytokines, with concentrations lower than those induced by the two PEEK materials. Furthermore, the concentrations of most of the cytokines increased when the cells were cultured in the presence of blasted PEEK, as compared to culturing with machined PEEK. However, the levels of hepatocyte growth factor (HGF), monokine induced by IFN-c (MIG), IL-12p70, stem cell growth factor-b (SCGF-b), b-NGF, and IL-5 showed the opposite pattern, with higher levels induced by the machined PEEK compared to the blasted PEEK surface, at certain time-points.
The expression levels of proinflammatory cytokines TNF-a, IL-1b, IL-6, IL-4, and T-cell cytokines IFN-c and IL-17 were selected for statistical analysis. The results showed that after three days of culture, the concentrations of these cytokines were significantly higher in the supernatants of PBMC cultures that contained PEEK, as compared to cultures that contained Ti6Al4V (Figure 4, (a)-(f) ). With the exception of IL-17, the levels of the selected cytokines induced by the blasted PEEK were significantly higher than those induced by the machined PEEK.
Statistical analyses were performed for the measured levels of selected chemokines and growth factors. After three days of culture, significant differences between the three test groups were observed for the culture supernatant levels of growth-regulated protein alpha (GRO-a), stromal cell-derived factor 1a (SDF-1a), granulocyte colony-stimulating factor (G-CSF), MIG, and HGF. The levels of GRO-a and SDF-1a were significantly higher for the cells exposed to machined PEEK than for those exposed to Ti6Al4V, and both of these factors were triggered to a greater extent by the blasted PEEK than by the machined PEEK ( Figure 5 , (a)-(e)). The latter phenomenon also held true for G-CSF, the highest levels of which were detected in the supernatants of cells cultured in the presence of blasted PEEK. Notably, T-cell chemoattractant MIG was the only factor that was induced at significantly higher levels by the machined PEEK than by the blasted PEEK. Similarly, the multifunctional cytokine HGF was the only mediator found at higher levels in the supernatants of cell cultures with Ti6Al4V, as compared to cell cultures with machined PEEK. . Cytokine and growth factor production by PBMCs exposed to Ti6Al4V, PEEK, and blasted PEEK or to a polystyrene control surface. The concentrations (pg/mL) of (a) GRO-a, (b) SDF-1a, (c) G-CSF, (d) MIG, and (e) HGF were measured in the supernatants of PBMCs that were cultured for three days. The values (dots) for the PBMCs of each individual are connected with lines (n ¼ individuals). Significant differences in concentrations comparing Ti6Al4V with PEEK and PEEK with blasted PEEK are assessed using the Wilcoxon matched-pairs signed-rank test, and denoted as follows: *p < 0.05; and **p < 0.01.
Immunofluorescence
The results from the manual and automatized measurements were compiled to mean values. Significantly higher numbers of cells adhered to the PEEK surfaces compared to the Ti6Al4V (Figures 6 and 7) . However, the numbers of PBMCs on the blasted surface were not significantly higher compared to the machined PEEK.
Discussion
The objectives of this study were to investigate how cytokine release from PBMCs is affected by different materials, that is, machined Ti6Al4V and PEEK, as well as blasted PEEK, and the impacts of surface roughness on cell adherence and cytokine release. The results show that proinflammatory cytokines are released in higher amounts from PBMCs that are in contact with the PEEK surfaces than from PBMCs that are exposed to machined Ti6Al4V. Moreover, the rougher PEEK surface induces even higher levels of proinflammatory cytokines from the PBMCs than the machined PEEK surface. Therefore, the implant material, its surface chemistry, and its topography all have an impact on the release of cytokines from implantattached PBMCs.
Inflammation is closely associated with the formation of tissues around the implant. 5, 6 Cytokines, chemokines, and growth factors are important regulators of cell migration and growth, and as such they are involved in the interactions between the surrounding tissues and the implanted material. The release of these signaling molecules from monocytes and lymphocytes is influenced by different biomaterials. 20 In the present study, we used the Bio-Plex Pro assay to measure the levels of cytokines from cells exposed to the tested materials. It is a challenge to interpret this amount of data since cytokines may exert diverse effects on leukocytes (as well as on other cell types).
14 Therefore, a common strategy is to investigate the proinflammatory cytokines closer since these cytokines seem to play an important role in inflammatory reactions towards the implant and could therefore affect the clinical outcome. 21 Significantly higher levels of IL-1b, IL-4, IL-6, TNF-a, and IFN-c were produced by the PBMCs exposed to the machined (smooth) PEEK and the blasted PEEK than by those cells exposed to Ti6Al4V. Furthermore, the production levels of these cytokines were significantly higher upon exposure of the PBMCs to blasted PEEK than to machined PEEK. In vitro studies have shown that macrophages that are in contact with an implant material during wound healing are stimulated to secrete these proinflammatory cytokines. 20 For example, IL-1b and TNF-a are important for the adhesion of leukocytes to the endothelial surface and also act to prevent the apoptosis of monocytes. 22, 23 IL-4 promotes monocyte differentiation and can induce the formation of FBGCs from macrophages. 9, 24 In the present study, in response to contact with the coins, the secretion by PBMCs of growth factors and chemokines followed the same pattern as that of the secretion of most of the proinflammatory cytokines. However, the levels of MIG were significantly higher when the cells were exposed to the machined PEEK, as compared to the blasted PEEK. MIG, which is also known as CXCL9, has chemoattractive properties and is involved in the migration of inflammatory cells to the implant site. 6 In addition, higher levels of HGF were produced by cells that were exposed to Ti6Al4V, as compared to cells that were exposed to machined PEEK. As this growth factor is involved in the recruitment of mesenchymal stem cells, biomaterials loaded with HGF have been tested in vitro and the authors of that study have suggested that HGF could be coupled to biomaterials to improve wound healing. 25 PEEK is a polymer with hydrophobic properties, and it has been suggested that wetting of the material surfaces is important for protein adsorption and cell adhesion. 26 Therefore, strategies have been developed to improve wettability by modifying the implant surfaces to enhance bone integration. 27 The influence of surface roughness on wetting can be described using Wenzel's equation, whereby a hydrophobic surface becomes even more hydrophobic as the surface roughness is increased. 28 In the present study, the water contact angle measurements showed the lowest values for Ti6Al4V. The blasted PEEK had the highest value and was therefore more hydrophobic than the other materials. However, the cleaning and sterilization methods can influence the materials' properties, such as surface topography and wettability. In a study conducted by Park et al., pure titanium implant surfaces were altered after being autoclaved, which resulted in lessdifferentiated osteoblasts. 29 In the present study, it is shown that not only do the different materials affect cytokine release from attached PBMCs but also the surface roughness on the micrometer scale. In general, the levels of cytokines produced by the PBMCs were significantly higher on the blasted PEEK than on the machined PEEK, which in turn were higher than those on the machined Ti6Al4V surface. This implicates surface morphology and surface chemistry in the effects on cellular responses in vitro. Our results are consistent with those of previous studies that have shown that surface topography plays a role in cytokine release from inflammatory cells. 30, 31 This may be attributed to the fact that the attachment of inflammatory cells increases with surface roughness. 32 In the present study, we observed a linkage between the number of PBMCs attached on the surface, the levels of release of certain proinflammatory cytokines, and the surface roughness. Even though the blasted PEEK surface induced higher levels of cytokine release, the numbers of PBMCs on the blasted surface were not significantly higher compared to the machined PEEK. This may be due to the fact that the cell adhesion measurement was performed on a single focal plane on the coin surface using confocal microscopy. Thus, if the cells are located at different levels above or below the z-plane, which is likely on the rougher surface, this will result in a lower number of cells being detected than the actual number of attached cells. To overcome this limitation, it is possible to use z-stack sampling to get a threedimensional representation of the cells located on the surface. However, the background signal from the PEEK surface makes it difficult to distinguish the cells located closest to the surface and due to this it was not possibly to quantify the cells in 3D with the confocal microscope used in this study. Nevertheless, the machined PEEK had a significantly higher number of attached cells compared to the smoother Ti6Al4V surface. Thus, the numbers of cells attached to the different surfaces are in accordance with the observed patterns of cytokine production. The higher numbers of attached cells on the rougher surface partially relates to the parameter Sdr, which describes the additional surface area contributed by roughness, as compared to a totally flat plane. The Sdr values were greater than threefold higher for PEEK than for Ti6Al4V (albeit not statistically significant), and the Sdr values for the blasted PEEK were almost sixfold higher compared to the machined PEEK ( Table 1) . The morphology of macrophages that are attached to biomaterials has also been correlated to the production of proinflammatory cytokines. 33 Depending on the surface type, the macrophages display different shapes and sizes, affecting the secretion of cytokines.
In the study of Olivares-Navarette et al., the extents of release of proinflammatory cytokines upon exposure of cells to PEEK and to Ti6Al4V with different levels of surface roughness were compared. 13 Human mesenchymal stem cells were cultured for seven days on PEEK and Ti6Al4V and the results accord with those in the present study, revealing increased secretion of proinflammatory cytokines in response to, for example, PEEK compared to a titanium alloy. 13 The authors of that study suggested that these cytokines enhance fibrous tissue formation, which may explain why fibrosis occurs histologically around PEEK implants, as opposed to peri-implant bone formation around titanium alloys. 12 The release of proinflammatory mediators indicates that the PEEK material may induce stronger inflammation compared to Ti6Al4V, and the macrophage response varies for different materials. Thus, it has been shown that both surface chemistry and morphology affect the cytokine expression patterns. 17 Since macrophages are involved both in the integration 34 and failure 35 of implants, it is ambiguous whether the increased inflammatory response is beneficial or not in the clinical situation. Since the proinflammatory cytokines are involved in the inflammatory process, they may also be involved in disease and cause osteolysis (bone resorption around implants). IL-1 and TNF can stimulate osteoclast development, which can lead to bone resorption and implant failure, which is of clinical relevance. 36, 37 However, inflammation is an inevitable host response when implants are inserted, and it is also part of normal wound healing.
Our results clearly show that PEEK induces a stronger inflammatory response compared to Ti6Al4V. These results are of interest since this information could be of importance when using PEEK materials for medical devises and, as mentioned previously, a higher inflammatory response may impair bone healing around implants. Further, the result of this study improves our understanding of materials and how to change the characteristics of the materials in order to manipulate cellular responses and enhance biocompatibility.
As mentioned earlier, PEEK can replace metal implants in specific circumstances in the clinical setting due to its material properties, and it has been extensively used in the field of spinal surgery for many years. 1 However, the biocompatibility of titanium as an osseointegrated bone implant to replace missing teeth has been demonstrated in long-term studies. 38 Therefore, it is difficult to argue that PEEK will replace titanium as the material of choice for dental implants. On the other hand, there are many other applications in the field of prosthetic dentistry where PEEK could be used due to its biocompatibility and the possibility to manufacture devices with the Computer Aided Design/Computer Aided Manufacturing (CAD/CAM) technique. Najeeb and colleagues have discussed the potential clinical applications of PEEK, such as in implant abutments, and removable and fixed prosthetics. 39 In the present study, not all the results and parameters could be presented and some statistical limitations were imposed due to the extensive data obtained. First, the color differences in the heat map represent the median values for selected cytokines and do not show statistically significant differences. Second, three days of incubation were chosen for the statistical analyses, since it was the intermediate time point. Third, statistical comparisons of cytokine expression were only made for Ti6Al4V vs. PEEK and for PEEK vs. blasted PEEK. However, it is the authors' opinion that the conclusions drawn from this study would withstand the addition of more data and information.
Conclusions
Within the limitations of the present study, the results show a generally higher level of cytokine secretion by the PBMCs in response to PEEK compared to the response to Ti6Al4V. The implant material, its surface chemistry, and its topography all have an impact on the release of cytokines from implant-attached PBMC. This provides useful information about the process of the inflammatory response to the PEEK material. However, one has to bear in mind that the results from in vitro studies cannot be directly implemented to in vivo.
